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Abstract: Macrophage activation was analyzed following 
exposure to pure, crystalline o-quart2 powders, two bioac- 
tive gel-glass powders of different compositions, and a melt- 
derived glass, 45S5 Bioglafis* The release of reactive oxygen 
metabolites (chenuluminescence test), modifications of cell 
morphology, the amount of tumor necrosis factor a (TNFa) 
secreted, and the amount of TNFa mKNA expression were 
evaluated. The 4555 Biogkss* powders elicited the highest 
cheinOummescence response while the two sol-gel glasses 
had a lower response with less of an oxidative burst differ- 
ence between them. Particulate bioactive glasses axe actively 
ingested by mouse peritoneal rnaerophages, and only the 
S8S sol-gel glass had a moderate toxic effect on the macro- 
phages. Macrophage cell morphology showed increased size 



INTRODUCTION 

The macrophage, a long-lived tissue cell derived 
from circulating monocytes, is a functionally ad- 
vanced cell type involved in dotting, and the fibrino- 
lytic complement cascade produces mediators that can 
induce the proliferation and protein synthesis of other 
cell types involved in inflammatory response and 
wound healing. 

It has been shown that macrophages respond dif- 
ferently to bioactive and bioinert materials. 1 Bioactive 
glasses are a class of biomaterials the reactivity of 
. which depends on the dissolution of surface ions and 
rapid formation of a silica-rich hydroxycarbonate apa- 
tite (HCA) layer on the glass surface to which bone can 
bind with a mecrtanically strong interface* 2 With the 
sol-gel process, a new generation of bioactive materi- 
als that enhance the regeneration of natural tissues has 
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and cell spreading, consistent with the high level of cytokine 
secretion induced by 45S5 Bjoglass®. The 4555 Bioglass* 
powders led to an increased release of TNFa and expression 
of TNFa mRNA relative to unstimulated and control treated 
monocytes. Bioactive glasses (and particularly 45S5 Bio* 
glass*) that hi vtoo induce rapid bone growth appear to ac- 
tivate an autotrine-like process in which the response 
evoked by the materia} (for example monocyte and macro- 
phage activation with cytokine production) enhances subse- 
quent interactions with cells in contact with the material- 
© 2002 John Wiley & Sons, Inc. J Biomed Mater Res 60: 
79-85,2002 
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been achieved. 3 Bioactive gel-glasses have a large sur- 
face area rich in chemically reactive silanols. Thus bio- 
active gel-glasses nucleate a biologically active HCA 
layer within minutes, a rate that is significantly more 
rapid than that of bioactive melt-derived glasses- 3 Sol- 
gel processing also makes it possible to obtain a much 
wider range of silica content and variable levels of 
CaO and P 2 0 3 content 2 " 3 Thus gel-glass compositions 
with as much as 77% SiO a (77S) have a rate of bone 
formation z>i vivo equivalent to 45S5 Bioglass* (45S5), a 
melt-derived glass with 45% SiO^ weight percent. 
Compositions of gel-glasses in the range of 56% Sl0 2 
(58S) have even higher rates of resorption and bone 
formation. 4 These differences are attributed to a more 
rapid release of soluble silica that accelerates the het- 
erogeneous nudeatJon of HCA crystals in the very 
small pores of the gel-glass 5 and also influences the 
osteoblast ceJJ cycle* and expression of genes by os- 
teoprogenitor cells. 7 ' 8 These recent studies show that 
the slow release of critical concentrations of soluble 
silica has a large Influence on the biologic response to 
Hoactive glasses of cufrermg compositions, surface ar- 
eas, and dissolution rates* 6-8 

It is well known that in pulmonary fibrosis there is 
an activation of numerous cells (macrophages, lym- 
phocytes, and neutrophils) by SiQz that produces cy- 
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tokines that regulate the proliferation, chemotactism, 
and secretory activity of fibroblasts. 9 *" Consequently, 
to further understand the relative importance of the 
surface activity and dissolution of SiO a -containing 
particulate, we have evaluated the effect of dense 
melt-derived bioactive glass particles (45S5 Bioglass®) 
versus porous sol-gel-derived Si02-based gel-gjass 
particulate on the cell activity of peritoneal macro- 
phages and blood monocytes. Pure crystalline SiO^ 
(a-quartz) powders were used as a control as were cell 
cultures with no powders added. 



MATERIALS AND METHODS 

Materials 

Respiratory burst measurement and cell morphology 
studies were made of four materials of different composi- 
tion: 

1. Crystalline silica (o-quartz) commercial powder 05-10 
tun in diameter (Sigma, Milan, Italy) was used as a 
reference material. 

2. Bioactive glass, 45S5 Bioglass* (46.1% 5iO a , 24,4% 
Na 2 0, 26.9% CaO, 2.6% Fp^ all in mol %). The glass 
was prepared by melting reagent-grade chemicals at 
1325°C in a covered platinum rhodium crucible, ho- 
mogenizing them for 24 h, casting, crushing, and siev- 
ing them to 9Q~-7D0-}Lm particles (the powders were 
obtained from U.S. Romaterials Corp., Alachua, FL). 

3. and 4.BJoacthre gel-glass powders SSS and 775 (100-700 
\mx in diameter) were made from tatraethylorlhosili- 
cate, riethylphosphate, and caJchun sdkoxide using the 
sol-gel process previously described. 3 After mixing me 
alkoxide components, the sol was cast into polyethyl- 
ene containers, loosely covered, and placed inside a 
desiccator containing water. Hydrolysis of the alkox- 
ides occurred with moisture from the ambient atmo- 
sphere, and gelation occurred within 3 days. The gel 
was aged at 60°C and dried with a schedule ending at 
180°C. The dried gels were heated in air at 70D°C and 
the textuxal features measured as described in a previ- 
ous paper. 3 The nominal composition for the 58S was 
60% SiO a , 36% CaO, 4% F 2 O a (all in mol %); and for 775 
it was 80% SiO^ 16% CaO, 4% (all in mol %). All 
materials were sterilized in dry heat at 180 *C for 3 h 
before use. 



; Peripheral human blood mononuclear cells 
. (MQ isolation 

' Heparirdzed peripheral human blood from healthy vol- 
unteers wafi centrifuged in Cellsep™ monocytes gradient 
(Larex, Inc., St Paul, MN) at 1000 g for 20 mm at 20°C After 
two washes at room temperature in Hanks' Balanced Salt 
Solution (HBS5; Sigma), the isolated cells were resuspended 
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at a density of 23 x 10 s cells/mL in minimal essential me- 
dium (MEM) containing 10% heat-inactivated fetal calf se- 
rum, 2 mM of glutamirie, penicillin (100 units/mL) and 
streptomycin (100 ug/mL), all from Sigma. Trypan blue 
staining and counting in a hematocy tometer determined cell 
viability and number. 



Peritoneal macrophages (FM) isolation 

Peritoneal macrophages were collected by flushing the 
peritoneal cavities of Baft) C mice with approximately 8 mL 
of cold PBS. The pooled fluids were centrifuged for 10 min 
at 1000 g in polypropylene tubes (Corning Glass Works, 
Coming, NY). Then the cells were suspended in RFMI 1640 
culture medium (GIBCO, Grand Island, NY) containing 20% 
heat-mactfvated fetal bovine serum (FBS; 10 uJ-/mL); gluta- 
rnine (200 mM; 10 p-L/mL); s teptomyi^/peniculm G solu- 
tion (10 p-L/thL; and fungizone* (250 ug/mL). Routinely 
4x10° cells were harvested from each mouse and approxi- 
mately lxlO 6 ceils adhered to the plate. 



Cell culture and cell-material interactions 

The PMs were plated at 4xl0 6 cells/well in a 6-well mul- 
tidish plate (Corning). After overnight incubation in a CQ^ 
incubator (5% CO* in air) at 37 D C, nonadherent cells were 
removed by washing wim phospha te-butfer ed saline (PBS), 
and fresh medium containing antibiotics, ghrtamine, and 5% 
FBS with or without particulate was added to each well. Cell 
stimulation was obtained by adding 5 mg of materials to test 
in the form of powders. The PMs also were cultured without 
any stimulation in control wells. The FM r»1U were allowed 
to incubate for 3 days at 37°C in a 95% air/5% CO* atmo- 
sphere, and the supernatants from all cultures were har- 
vested, centrifuged for 3 rrun at 14,000 g, and aliquots of the 
cell-free cultured media were taken for TNRx measurement 
in culture medium. Adhered cells were treated to extract 
total cellular RNA to study TNFo mRNA expression. 



Measurement of respiratory burst 

Blood mononuclear cell activation was determined by 
cherruJiuninescence assay (CL) using 1,000,000 cells sus- 
pended in 3 mL of FBS (37°Q in propylene vials (Packard 
Company, Milan, Italy). The CL was monitored in a Beck- 
man CPM-100 liquid scintillation counter normalized and 
programmed in the single photon counting mode with 
1-min counts per well and ten counting cycles. Luminol 
(Sigma) was added to the cell suspensions to give a final 
concentration of 0.1 mM. Subsequently, CL was elicited by 
addition of 400 ug/ml of the powders to test. Cells with 
luminol were used as negative controls- Results are the av- 
erage of nine experiments, and statistical evaluation was 
made using an independent sample t test. P values were 
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obtained from the ANOVA table and the conventional 0.05 
level was considered to reflect statistical significance. 



Cell morphology 

Peritoneal macrophages (PM), after rinsing In PBS, were 
fixed for 2D min at 60*C and stained with a 01125% (weight/ 
volume, w/v) acridine orange solution, a nucleic add stain- 
ing dye. Cell-material interactions were analyzed using a 
fluorescence microscope (Aristoplan, Leitz, Milan, Italy). 



TNFot immun obi otting 

To evaluate PM TNFot production, culture media were 
dialyzed against distilled water for 24 h, freeze-dried, and 
resusp ended in 20 *lL of SD5-PACE sample buffer [2% (w/ 
v) SDS, 5% (v/v) 2-mercaptoettianoL 10% (w/v) glycerol, 
and 0.02% (w/v) bromophenol blue in 62,5 znM of Tris-HCL 
pH 6.S). The samples 0-5 \lL with 3 ug of protein) were 
loaded onto 10% SDS-PAGE, and electrophoresis was car- 
ried out at 100 V by a Mini-Protein n electrophoresis system 
(Bio-Rad, Milan, Italy). Proteins were stained by a Bio-Rad 
Silver Stain Plus kit or blotted onto nitrocellulose 
branes (Amershanv, Milan, Italy) by Bumette's method in a 
Mini Trans-Blot electrophoresis Transfer Cell (Bio-Rad). The 
membranes were treated with 1% (w/v) gelatin in phos- 
phate-buffered saline (PBS; pH 7.4) (0-OlAf of phosphate 
buffer, 0.0027M of KCL C137M of NaCl) for 1 h at room 
temperature and then incubated with 50 n-g/mL of primary 
antibody solution overnight at 4°C. The monoclonal anti- 
body used in this study was provided by Dr. BeUone. After 
washing procedures, the membrane was incubated with 1: 
2000 diluted secondary antibody conjugated with horserad- 
ish peroxidase (Amersham) for 1 h at room temperature. 
Primary and secondary antibody dilutions were carried out 
in 0.1% (w/v) gelatin in PBS, The same solution also was 
used for washing procedures- ECL™ Western blotting de- 
tection reagents (Amersham) were used for immunodetec- 
tion of the eluted proteins. The amount of TNFot secreted 
was studied on the reference material (Si0 2 a-quarU) arid on 
4555 Bigglass 9 as the highest macrophage activator from the 
preliminary studies. 



' TNFot RT-PCR 



Total cellular RNA was extracted using a Qiagen 
QlAshredder and RNeasy kit (Qiagen, Germany). Comple- 
mentary DNA (cDNA) was p repared from 2 ug of total RNA 
using random primers (25 uAf; Gib co-Life Technologies, 
Milan, Italy) and sterilized water to adjust the final volume 
to -20 u.L. The reaction mixture was heated at 60^ for 5 
nun. MgCla (50 mMp) 2-u.L buffer 10x (Gibco); 2 *lL of 
dNTPlO mM (Gibco); 0.25 U of ribonuclease inhibitor (Al- 
drich, Milan, Italy), and 1 u.L of M-MLV transcriptase 
(Gibco) then were added. The reaction mixture was heated 



at 42°C for 1 h to obtain cDNA and then was heated at 95°C 
for 1 min to eliminate RNA. Before PGR treatment; the 
sample was centrifuged at full speed (14000 rpm or more). 
The synthesized cDNA then was used for the polymerase 
chain reaction (PGR). This technique exponentially amplifies 
nucleic add sequences. The PGR primers for TNPd were as 
follows: 5'- GAAAGCATGATCCGCGACGT -3' and 5'- 
AGACCTGCCCGGACTCCG-3' (TIB MOLBIQL, Genoa, 
Italy). Amplification was performed in a DMA Thermal Cy- 
cler (PeridnEuxier Cetus). Thermocy cling conditions for 
TNFa were an initial denaturation step at 95°C for 1 min 
followed by 30 cycles of 95°C for 30 s, 65°C for 30 s, and 72°C 
for 60 s. Reaction product was analyzed by electrophoresis 
of a 10- ui. sample in 2 % agarose gel to which ethicUurn 
bromide had been added (luX of 10 mg/mL in 100-mL gel 
solution)- The gels were analyzed under ultraviolet light at 
302 ran using a Gel Doc 1000 software Quantity One (Bio- 
Rad) TNFa mRNA expression was studied on the reference 
material (SiQa quartz) and on 4555 as the highest MC and 
PM activator from the preliminary studies. 



RESULTS 



Respiratory burst 



Por all materials a chexniluminescence (CL) re- 
sponse by the mononuclear cells was detected (Fig. 1). 
AD four glasses evidenced an increase of the CL re- 
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Figure 1. Materials induced chemiluminesoence response 
by human peripheral blood mrmocytes/ina^rophages. The 
results are based on mean values of nine measurements. 
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spouse relative to the control (uiistirnulated) cells (p < 
0-05). The 45S5 powder induced the highest CL re- 
sponse and resulted in a statistically higher response 
(p < 0.05) with respect to 58S and 775 bioactive gel- 
glass powders. 

Cell morphology 

The overall shape and the presence of pseudopodia 
were observed for the peritoneal macrophage cul- 
, tares. Figure 2(a) shows PMs cultured without any 
stimulation in the six-well multidish plate (polysty- 
rene) where cells evidenced their round shape. Figure 
2(b) shows, at the same magnification, PMs grown in 
the presence of 5iQ2 quartz; cells that revealed a 
higher dimension with round-shape morphology ac- 
tively ingested the particles. The 45S5 Bioglass® stimu- 
lation [Fig. 2(c)] evidenced a very different cell shape 
from the control; for example, the PMs adhered and 
most of them spread extensively. The 58S gel-glass 
stimulation [Fig. 2(d)] resulted in the cell density be- 
ing very low and the cells showing some features that 
indicated spreading (filopodia). Cell behavior in the 
presence of the 775 gel-glass powder appeared similar 
to the control PM cultures, maintaining mostly a 
rounded shape and features typical of healthy cells 
[Fig. 2(e)]. 

TNFa production 

The results of the immunoblotting for TNFa after 3 
days of exposure to the various biomaterials are 
shown in Rgure 3. TNFa production significantly was 
augmented in the presence of 45S5 powders (lane 2) 
and SiOj quartz (lane 3) compared to the control (lane 
1). The greatest increase was seen in the presence of 
45S5 Bioglass® powders. 

TNFa-mRNA 

EtHdium-bromide-stained agarose gel of FCR (Fig. 
4) demonstrated an increase in PM mRNA encoded by 
the gene for TNFa when PMs were incubated in the 
i presence of 45S5 Bioglass® powders (lane 2) relative to 
control cells (lane 4) and SiO^-quartz-stimulated cells 
, (lane 3). Synthesized DNA fragments were predicted 
t from the published nucleotide sequence and the oli- 
gonucleotide primers used, that is, 708 nucleotides for 
TNFa. 



DISCUSSION 

Bioactive glasses have shown promising results as 
) bone-graft augmentation materials that lead to accel- 
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era ted rates of bone formation in osseous defects 12 * 13 
and are extensively used clinically. 14 ' 15 

Macrophage activation by biomaterials is a widely 
accepted mechanism involved in host biocompatibil- 
ity response. 16 It is known that cell-biomaterial con- 
tact evokes the release of chemo tactic mediators and 
growth factors that may elicit and sustain inflamma- 
tory responses at the implant site. 17 Several studies 
have shown that macrophages respond to a material 
with cytokine release, 16 size and morphology 
changes/ 9 and phagocytosis with subsequent release 
of oxygen metabolites. 20 

Smcoiydioxide, in the form of crystalline quartz, has 
been studied extensively to understand the develop- 
ment of pulmonary fibrosis. 11 Silica induces free radi- 
cal production and respiratory burst in alveolar mac- 
rophages/ 21 is cytotoxic and genotoxic to alveolar mac- 
rophages, which is related to its physicochemical 
properties, especially to its very high negative surface 
charge at physiological pH, and the effects are medi- 
ated by oxidative stress and reactive oxygen species 
formation.**' 23 This leads to an increase In lung mac- 
rophage expression of intercellular adhesion mol- 
ecule-1 (ICAM-1) mediated by TNFa and oxygen spe- 
cies. 2,4 

Since bioactive glasses are surface-active implant 
materials, some type of surface activity is needed to 
achieve a successful implant material. On the other 
hand, it is known that materials that elicit a strong 
chemuuniinescence response lead to an increase in 
oxygen uptake, production of 0 2 ~, OH-, H 2 0 2 , and 
hexose monophosphate shunt activity, which have 
been associated with a variety of cell reactions in the 
surrounding tissue and with many diseases, such as 
chronic fibrotic lung disease and malignancies, 11 ' 21 " 24 

In this study, the effects of three different bioactive 
glasses and gel-glasses on PM and MC were studied in 
vitro. Comparing human unstimulated MC relative to 
glass-treated cells, all glass-based materials evidenced 
a statistically significant increase In CL values, an in- 
dex of increased cell release of reactive oxygen me- 
tabolites. The melt-derived glass 45S5 elicited the 
highest CL response, followed by the two sol-gel 
glasses, which evidenced no oxidative burst difference 
between them. 

Crystalline Si0 2 powders and particulate bioactive 
glasses actively are ingested by PM* OnJy the 58S gel- 
glass powders seemed to have a toxic effect on them. 
The cell morphology study, in fact, evidenced a lower 
cell number in the presence of 58S after 3 days of 
incubation with some lysate cells and plasma mem- 
brane residues. The highest CL activator, 45S5, evi- 
denced its activity also on PM cell morphology, which 
showed increased size and cell spreading that is cor- 
related with macrophage activation 19 and is consistent 
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Flgtue 2. Mouse peritoneal macrophages stained with acridine orange solution to evidence green epifluorcscence when 
bound to DNA and orange epiauorescence when bound to RNA (original magnification x400): (a) control -unstimulated cells; 

; (b) cells incubated wilh SiQa crystalline powder; (c) cells incubated with 4555 Bioglass; (d) cells Incubated with 5SS5 sol-gel 

i glass? and (e) cells incubated wim 77S sol-gel glass. 
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Figare 3. Immunoblot of TNFa using a monoclonal mouse 
anti-human TNFa antibody followed by horseradish peroxi- 
dase conjugated antibody and chemiluminescence (ECL) 
western blotting detection reagent. Lane 1: control unetimu- 
lated macrophages; lane 2: macrophages cultured in pres- 
ence of 45S5 Biogla&$; lane 3: macrophages cultured in pres- 
ence of control material SiC 2 (quartz). 

with the high level of cytokine secretion observed in 
our study. We have examined in vitro TNFa produc- 
tion (a marker for cytokine production) by FM cul- 
tured for 3 days in contact with SiO^ quartz and 45S5 
Bioglass®. 

The results of TNFa release paralleled other in vitro 
studies that showed no rdationship between partkle 
phagocytosis and TNFa release. 22 * The SJQa quarto 
particles that evidenced high PM phagocytosis [Fig. 
2(b)] showed no macrophage TNFa release while 
45S5, which was not highly phagocytosed, evidenced 
an increased TNFa release relative to untreated cells. 
Moreover, it is known that TNFa is synthesized de 




\ 4 3.2 • "■ : t: ; :..- 

j 

Figure 4. Efliidium-brornide-stained 2% agarose gel of 
polymeraee chain reaction (PCR) generated cDNA fragment 
,! for TNFa. Lane 1: HindH cut pBlueseript*; lane 2i macro- 
<! phages cultured in presence of 45S5 Bioglass (arrow); lane 3: 
macrophages cultured in presence of control material SiQj. 
1 (quartz); lane 4: control unstimulated macrophages. 

i 
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novo in stimulated macrophages and not stored intra- 
eellularly, 26 supporting its secretian by particle stimu- 
lation rather than by liberation of intracellular stores. 
In fact 4555 showed in RT-PCR analysis an increased 
expression of TNFa mRNAs relative to unstimulated 
and SiO^quartz-treated ceUs. 

In summary r 45S5 is a surface-active implant mate- 
rial with an effect on MC and FM, and the induction of 
increased expression of TNFa does not require phago- 
cytosis. This result suggests that cellular contact with 
orthopedic implants is sufficient to induce cell activa- 
tion and the release of cytokines that may determine 
prostheses survivability. 

The complex mixture of cytokines that are produced 
by macrophages during inflarnznation may influence 
the behavior of the other cells that are recruited to the 
biomaterial implant. For example, Miller and Ander- 
son 1 found that human peripheral blood monocytes 
cultured in the presence of several materials release 
factors that stimulated fibroblast proliferation and col- 
lagen production. 

We have considered TNFa as a representative cyto- 
kine produced by macrophages in response to crystal- 
line SiQa quartz and 45S5 Bioglass®, hut other cyto- 
kines may act to enhance subsequent interactions of 
Hcoriaterials with tissues. TNFa has regulatory effects 
on phagocytic cells, the enhanced production of oxi- 
dative radicals, increased degranulation, increased re- 
ceptor expression, and increased eosinophils for para- 
sitic infections. 27 - 2 * The role of TNFa on osteoblast 
function is not very clear although it seems to have an 
indirect role through IL6 in the pathogenesis of peri- 
prosthetic osteolysis through a reduced peiiprosthenc 
bone formation due to inhibition of osteoblast prolif- 
eration, alkaline phosphatase production, and osteo- 
clastogenesis. 2 * -3 * 



CONCLUSIONS 

Bioactive glasses (and particularly 45S5 Bioglass®) 
that in vivo induce rapid bone growth appear to acti- 
vate an autocrine-uke process in which the response 
evoked by the material, for example monocyte and 
macrophage activation with cytokine production, en- 
hances subsequent interactions with cells in contact 
with the material. 
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